The metabolites produced by the fungal species Leptosphaeria maculans and L. biglobosa under different culture conditions, together with their phytotoxic activities are reviewed. In addition, the biosynthetic studies of blackleg metabolites carried out to date are described and suggestions for species reclassification are provided.
Secondary metabolites produced by plant pathogenic fungi display a wide range of chemical structures that reveal diverse biological activities and important ecological roles. However, for many decades, human kind explored the wealth of fungal metabolites for their own benefit, without considering their function in the producing organisms. As knowledge evolved and analytical chemical tools became more sophisticated, it became clear that such fungal metabolites had functions that contributed to organism survival. Considering their ecological roles and biological activities, these fungal metabolites are classified as phytotoxic, when they cause macroscopic damage to plant tissues, or anti-microbial in cases where the growth of other microbes is inhibited. From the viewpoint of the "plant-fungus interaction", phytotoxic metabolites produced by phytopathogenic fungi are generally called phytotoxins. Phytotoxins may be host-selective, if they cause damage only on plants that host the fungus, or nonselective, which damage a wider range of plants than the pathogen itself [5, 6] . On the other hand, from a phytochemist's perspective, phytotoxins are toxic compounds produced by plants [7] . Considering the scope of this review, hereon phytotoxins are phytotoxic metabolites produced by fungi.
In addition to phytotoxins, elicitors represent another group of metabolites produced by phytopathogenic fungi, which mediate plant defense responses to pathogen attack. For example, plant defense responses such as cell wall reinforcement, biosynthesis of phytoalexins and pathogenesis-related proteins are induced by elicitors [8] . General elicitors are able to trigger defenses both in host and non-host plants, whereas race specific elicitors induce defense responses leading to disease resistance only in specific hosts. General elicitors are also called microbial associated molecular patterns (MAMPs), i.e. indispensable molecules produced by microbes, e.g. ergosterol, chitin, β-glucans and fungal-specific glycosylated proteins [9, 10] . MAMPs are sensed by plant transmembrane pattern recognition receptors and lead to non-host resistance [9, 11] . The presence of MAMPs and their transmembrane pattern recognition receptors explain why not all pathogens can infect all plant species. Elicitors produced by plant pathogens display a wide range of chemical structures, although a substantial number of the elicitors reported thus far are oligosaccharides or peptides. Contrary to phytotoxins, which may affect detrimentally the plant without inducing plant defenses, elicitors act as signal compounds that trigger plant defenses and can be used in plant treatments to enhance plant disease resistance [12, 13] . However, some phytotoxins can also induce defense responses, as for example the bacterial metabolite coronatine that displays both phytotoxin and elicitor activity [14] .
Detection, Isolation and Structure Determination of Fungal Metabolites
The availability of highly sensitive analytical instruments has facilitated the development of metabolomics, a methodology intended to determine and quantify the complete set of metabolites produced by any organism at a particular development stage. This non-targeted identification and quantification of all metabolites (both primary and secondary) within an organism requires a combination of analytical instruments. Metabolomics can potentially indicate production of unknown metabolites that are relevant and important to isolate and identify [15] .
In general, the isolation of fungal metabolites is carried out using traditional natural product isolation methods, which include analytical and preparative chromatographic separations. Depending on the variety of metabolites produced under a given set of experimental conditions, separation and isolation techniques are available that can yield highly purified products, albeit the processes might be lengthy and expensive. Typical separation techniques use thin-layer chromatography (TLC), centrifugal thinlayer chromatography (CTLC), flash column chromatography (FCC), liquid chromatography [lowpressure liquid chromatography (LPLC), mediumpressure liquid chromatography (MPLC), high-pressure liquid chromatography (HPLC)], and counter-current chromatography
[droplet counter-current chromatography (DCCC)], and other methods less popular. FCC together with MPLC and semipreparative HPLC have been used with FCC as a prepurification and semi-preparative HPLC for the final purification step.
Once a metabolite has been separated and considered of sufficient purity, data acquisition for determination of its chemical structure involves the use of spectroscopic methods, which combine various NMR and MS techniques. This classical ab initio approach to structure determination infers the structure of an unknown compound without employing reference structures. However, considering the large number of metabolites currently known, it is crucial to have the ability to quickly recognize known structures and focus on the discovery of new chemistries. Toward this end, the use of databases containing chemical structures linked with spectral data, i.e. structure-spectra databases, is facilitating the structure elucidation of metabolites in general [16, 17] . In a process called dereplication, spectral data are used for spectral similarity searches in structure-spectra databases. Since spectral hits will be linked to chemical structures, the use of time-consuming experiments can be prevented. Advancements in the field of Computer-Assisted Structure Elucidation (CASE) of natural products applicable to fungal metabolites have been reviewed [18, 19] .
In this report, the fungal metabolites isolated from L. maculans and L. biglobosa and related Leptosphaeria species will be reviewed for the first time, according to their structural types or function; the last review covered only phytotoxins reported up to 2000 [20] .
Chemical Structures and Phytotoxicity of Metabolites from Leptosphaeria maculans and L. biglobosa
The metabolites produced by different isolates of L. maculans and L. biglobosa are unique to some pathogenicity groups and thus appear to have chemotaxonomic interest. L. maculans comprises various pathotype groups and subgroups virulent to B. napus and B. rapa. Initially, those fungal isolates that caused blackleg disease on canola (B. napus and B. rapa) were called aggressive, highly virulent, or "A" group [1, 2, 21, 22] . The fungal isolates that caused low disease symptoms on canola were called nonaggressive, weakly virulent, or "B" group [1, 2, 21, 22] . Before 2000, all these isolates were included in the species L. maculans, but by then a reclassification introduced the species L. biglobosa to enclose the isolates traditionally known as avirulent, weakly virulent, "B" group or PG1 [23] . However, reversed pathogenicity was observed in two isolates of L. maculans, Laird 2 and Mayfair 2. That is these isolates were not virulent on canola (B. napus and B. rapa), but virulent on mustard (B. juncea) [24, 25] , a plant species usually resistant to the blackleg fungus. Unfortunately, none of these isolates were considered in the reclassification of L. maculans.
Dioxopiperazines and related compounds
Recent results showed that the biosynthesis of secondary metabolites in L. maculans depended on the composition of the culture medium. For example, in a chemically defined liquid medium (minimal medium, MM), virulent isolates produce mainly sirodesmin PL (1) [20] , a non-host selective phytotoxin. Sirodesmins are epipolythiodioxopiperazines (ETPs) derived from the condensation of tyrosine and serine, which contain a bridge of one or more sulfur atoms. Sirodesmin PL (1), recently detected in infected canola [26] , and deacetylsirodesmin PL (2) were the first two nonselective phytotoxins isolated from cultures of L. maculans [27] . Later on, sirodesmins with various numbers of sulfur atoms, i.e. sirodesmin H (3) [28] , sirodesmin J (4) and K (5) [29] , were isolated from MM. Sirodesmin J (4) and K (5) are not stable, decomposing within 24 hours to 2, 4 and 5 on standing in MeOH solution [29] ( Figure 1 ).
The toxicity of ETPs is partly due to the sulfur bridge, which may either conjugate with cysteine residues in proteins or generate reactive oxygen species [30, 31] . The various sirodesmins cause necrosis on leaves of both resistant and susceptible plants to different extents. After investigation of the phytotoxicity of acetylated derivatives of sirodesmin PL (1), it was suggested that the OH group at C-14 might be involved in the toxicity of sirodesmin PL (1) [29] . On the other hand, phomalirazine (6), another nonselective ETP phytotoxin, was isolated from MM still cultures in trace amounts [32] . It showed phytotoxicity (10 -5 M) towards both resistant and susceptible plants. Similar to sirodesmin PL, phomalirazine (6) contains a disulfur bridge, but no methyl group attached to the nitrogen atom, and no spiro-fused tetrahydrofuranone ring. From structural considerations, it was suggested that phomalirazine (6) was a potential intermediate in the biosynthesis of sirodesmins (discussed below). Phomamide (7) is a dioxopiperazine and precursor of sirodesmins produced together with sirodesmins 1-5 in amounts as high as 20% of crude extracts. As well, 3methylthiophomamide (8) was isolated from similar cultures, but was produced only in trace amounts [29] ( Figure 2 ). Both dioxopiperazines 7 and 8 were devoid of phytotoxic activity. Recently, a search for stress inducing metabolites produced by L. maculans led to the isolation and structure elucidation of eight new metabolites named leptomaculins and deacetylleptomaculins A-E (9 -16) [33] . Their chemical structures and absolute stereochemistry were deduced by detailed analysis of 1D-and 2D-NMR spectroscopic data and chemical degradation of the toxin sirodesmin PL (1). Leptomaculins A (9) and B (10) are naturally occurring 2,3-oxopiperazinethione and 2,3-dioxopiperazine, respectively, with unique structures, previously unknown ( Figure 3 ). These metabolites were isolated in very small amounts and showed neither phytotoxic nor elicitor activity.
Six dioxopiperazines, polanrazines A (17), B (18), C (19) , D (20) , E (21), and F (22) , derived from tryptophan and valine, were isolated from Polish isolates of L. maculans [34, 35] . Because polanrazines B (18) and C (19) were later isolated from isolates Laird 2 and Mayfair 2 of L. maculans, it was proposed that Polish and Laird 2/Mayfair 2 isolates were part of the same pathogenicity group differentiated from others by production of polanrazines [36] (Figure 4 ). Polanrazines A (17), C (19) and E (21) showed moderate toxicity on leaves of brown mustard, but not on canola. 
Depsipeptides
Depsipeptides are molecules containing both ester and amide bonds. Phomalide (23), the first host-selective phytotoxin isolated from virulent isolates of L. maculans, represents a rare cyclic depsipeptide with three α-amino acids and two α-hydroxy acids [37] . Phomalide (23) caused disease symptoms (necrotic, chlorotic, and reddish lesions) on canola (susceptible to L. maculans), but not on either brown or white mustard (resistant to L. maculans) at concentrations ranging from 10 -5 -10 -4 M. The production of phomalide was detected in 30 to 60-hour-old cultures. Once the cultures started to produce sirodesmins, the production of phomalide stopped [37] . Spores of virulent isolates co-incubated with sirodesmin PL (1) did not produce phomalide (23) . Therefore, the above results suggested that the production of phomalide (23) was inhibited by sirodesmins. Phomalide (23) was also detected in infected leaves of canola, suggesting its role in the early stages of plant infection [38] . The detection of phomalide (23), but not sirodesmin PL (1) in infected leaves of canola, was consistent with the inhibition effect of sirodesmin PL (1) on the production of phomalide (23) in the culture media. Recently however, traces of sirodesmin PL (1) were detected using LC-MS in leaves of canola infected with L. maculans [26] . Phomalide (23) together with three analogues 24, 25 and 26 were synthesized and the phytotoxicity of these compounds was tested [39] ( Figure 5 ). The Z-isomer (24, 5 × 10 -4 M) was not phytotoxic, while compounds 25 and 26 (5 × 10 -5 M) caused necrosis on brown mustard, but not on either canola or white mustard [39] . Depsilairdin (27), a host-selective phytotoxin produced by L. maculans isolate Laird 2 (virulent on brown mustard), possesses a tripeptide coupled with a sesquiterpene moiety [40] . The tripeptide moiety contains (2S,3S,4S)-3,4-dihydroxy-3-methylproline, a novel amino acid structure. The elucidation of the unusual chemical structure used a combination of NMR spectral data and X-ray crystallography. The absolute configuration was established using chemical degradation and synthesis of (3S,6R)-3,6diisopropyl-2,5-morpholinedione and its (3R,6S) and (3R,6R) stereoisomers ( Figure 6 ). The total synthesis of depsilairdin is underway (D. E. Ward, personal communication), and the sesquiterpene moiety lairdinol A (a sesquiterpene described below) was synthesized recently [41] . Depsilairdin (27) 
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Natural Product Communications Vol. 4 (9) 2009 1295 symptoms similar to those caused by the pathogen. Plant leaves of brown mustard treated with depsilairdin (27) showed strong necrotic and chlorotic lesions, but such symptoms were not observed in canola in a wide range from 1 µM to 1 mM. note that lairdinol A (36), a eudesmene type sesquiterpene, is a structural moiety of the hostselective phytotoxin depsilairdin (27) . Lairdinol A (36) also showed selective phytotoxicity to brown mustard, but caused smaller lesions than depsilairdin (27) .The selective phytotoxicity is consistent with the virulence range of isolates Laird 2 and Mayfair 2 (virulent to brown mustard).
Sesquiterpenes and sterols
The composition of sterols in mycelia of L. maculans has been studied using GC-MS. While ergosterol (39) (Figure 8 ).
Polyketides
Nine 2-pyrone type metabolites, phomapyrones A-G (49-55), as well as infectopyrone (56) and phomenin B (57) were isolated from cultures of isolates Laird 2 grown in MM [42, 43] and FAN10B5 grown in more complex media [47] (Figure 9 ). Both infectopyrone (56) and phomenin B (57) had been previously isolated from A. infectoria [48] and Phoma tracheiphila [49] , respectively. Because of the limited amount of phomapyrones isolated, only phomapyrones A (49) and D (52), and phomenin B (57) were tested for phytotoxicity. None of these pyrones caused visible necrosis, even at high concentrations (10 -3 M); however, other 2-pyrones isolated from some pathogenic fungi have displayed phytotoxicity, cytotoxicity, and antibiotic activity [50] .
Pedras & Yu
Early work revealed that L. biglobosa (previously called L. maculans/P. lingam weakly virulent group) produced readily detectable yellow pigments mainly in cultures grown in potato dextrose (PD), both in liquid and in solid media. Separation of extracts of those cultures and structure elucidation revealed a number of polyketides, with phomaligols A (58) and A 1 (59), and phomaligadiones A (60/61) and B (61/60) being the first group reported [51] .
In further work to find the yellow pigments produced by L. biglobosa, three yellow metabolites, phomaligin A (62) and wasabidienones B (63) and E (64), were isolated [25, 52] (Figure 10) . These metabolites were also found in P. wasabiae Yokogi, a pathogen of W. japonica M., which suggested a similarity between these two pathogens. Additional molecular genetics characterization and phylogenetic analyses [24, 25] experiments that led to the reclassification of L. maculans weakly virulent group as L. biglobosa did not include P. wasabiae isolates, hence future analysis should include a broader range of isolates to clarify unanswered reclassification issues.
High salt medium induced the production of colored metabolites in L. maculans/P. lingam virulent to canola. Cultures grown in MM containing high NaCl concentrations became dark greenish-blue after seven days of incubation, and produced substantially lower amounts of sirodesmin PL (1). Two metabolites, 8hydroxynaphthalene-1-sulfate (66) and bulgarein (67/68), were isolated that appeared to be associated with melanin derived from 1,8-dihydroxynaphthalene (65) via the polyketide pathway ( Figure 11 ). These metabolites were suggested to be produced for selfprotection against salt stress [53] . (Figure 12 ). These metabolites were suggested to be shunt metabolites of melanin [54] . 
Metabolites of unknown biosynthetic origin
The selective phytotoxin maculansin A (72), a unique derivative of mannitol containing the unusual chromophore 2-isocyano-3-methyl-2-butenoyl, was discovered in a bioassay-guided search for elicitors and phytotoxins produced by virulent isolates of L. maculans. It is important to note that this phytotoxin is not produced in a chemically defined medium (MM), where sirodesmin PL (1) is produced in large amounts. It appears that the sirodesmins biosynthetic genes are not expressed under such conditions, whereas PDB and a higher incubation temperature induces production of maculansin A (72) . As well, a mixture of epimers of maculansin B (73) was isolated from the same cultures. Maculansin A (72) did not show elicitor activity either on resistant or susceptible plants. Unexpectedly, maculansin A (72) was found to be more toxic to plants resistant to L. maculans/P. lingam (B. juncea L. cv. Cutlass, brown mustard) than to susceptible plants (canola) [55] (Figure 13 ). The reverse selective phytotoxicity of maculansin A (72) is consistent with reports on the host range expansion of L. maculans to infect brown mustard as well. Interestingly, the chemical structure of maculansin A (72) is similar to that of brassicicolin A, a host-selective toxin produced by Alternaria brassicicola (Schwein.) Wiltshire, a pathogen of brown mustard as well [56] .
2-[2-(5-Hydroxybenzofuranyl)]-3-(4-hydroxyphenyl)propanenitrile (74) was isolated from Laird 2 isolate of L. maculans grown in PD broth. The structure of this metabolite was elucidated by analysis of spectroscopic data; however, the configuration of stereocenter C-8' was not determined because the compound was racemic (epimerization is expected since H-8' is acidic) [57] .
2,4-Dihydroxy-3,6-dimethylbenzaldehyde (75) was isolated from L. maculans isolates virulent on canola grown in PDB (Figure 14 ). Previously to that work, 75 was reported to have strong root and hypocotyl growth inhibition effects on lettuce seedlings [58] . Recently, metabolite 75 was shown to inhibit root growth of brown mustard (25-fold relative to control roots) more strongly than roots of canola (6-fold relative to control roots). 
Elicitors
One of the standard methods to determine the elicitor activity of a metabolite is to test if the metabolite is able to induce the production of phytoalexins in plants [8, 59, 60] . Specific elicitors produced by L. maculans are expected to induce the production of phytoalexins in cultivars of brown mustard resistant to L. maculans, but not in cultivars of canola susceptible to L. maculans. General elicitors produced by L. maculans are expected to induce the production of phytoalexins in both resistant and susceptible cultivars.
Recently, it was established that sirodesmin PL (1) and deacetylsirodesmin PL (2) (at concentrations of 1.0 or 0.5 mM) induced the production of phytoalexins such as brassilexin (76), cyclobrassinin (77), rutalexin (78) and spirobrassinin (79) in brown mustard and spirobrassinin (79) in canola [55, 61] (Figure 15 ). Therefore, sirodesmin PL (1) and deacetylsirodesmin PL (2) are general elicitors, as well as non-selective phytotoxins produced by isolates of L. maculans virulent on canola.
In addition, from a comprehensive bioassay-guided search for elicitors, a mixture of cerebrosides C (80) and D (81), isolated from mycelia of liquid cultures of L. maculans, induced the production of the phytoalexin rutalexin (78) only in brown mustard, but not in canola. These results indicated that cerebrosides C (80) and D (81) are selective elicitors (Figure 16 ). Although this was the first time that specific elicitors were reported for L. maculans [61] , cerebrosides C (80) and D (81) were found to be produced by a wide range of phytopathogens and appeared to induce the production of phytoalexins in rice plants, as well as disease resistance to the rice blast fungus [62] . The metabolites produced by both L. maculans and L. biglobosa under different culture conditions are summarized in Tables 1 and 2 . 
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Biosynthesis of Metabolites
Sirodesmin PL (1) The biosynthetic pathway of sirodesmin PL (1) has been studied for more than two decades using isotopically labeled precursors ([1-14 C]-, [1-13 C]-, and [1,2-13 C 2 ] acetates) [63, 64] . Analysis of the 13 C NMR incorporation pattern from [1,2-13 C 2 ]-acetate indicated that C-10, C-16, C-11 and C-18 of sirodesmin PL (1) were derived from the intact incorporation of [1,2-13 C 2 ]-acetate and C-17 was derived from C-2 of acetate. These results suggested the mevalonate origin of the tetrahydrofuranone ring of sirodesmin PL (1). L-[U- 14 [ 14 C]Phomamide (7) was incorporated into sirodesmin PL (1) with the highest ratio (25.5%), followed by cyclo-(L-[U-14 C]-tyr-L-ser) (12.5%), whereas L-[U-14 C]serine and L-[U-14 C]tyrosine were only slightly incorporated into sirodesmin PL (0.29% and 0.49%, respectively). Based on these results a biosynthetic pathway ( Figure 17 ) was proposed [65] . Bu'Lock and co-workers also demonstrated incorporation of [1,2-13 C 2 ]acetate into sirodesmin PL (1) and proposed a more detailed rearrangement for the dimethylallyl moiety to the tetrahydrofuranone ring [64] . Doubly labeled L-[3,5-3 H 2 , U-14 C]tyrosine was incorporated as expected with retention of one 3 H and nine 14 C atoms into sirodesmin A, an epimer of sirodesmin PL at C-8. Later on, the isolation of phomalirazine (6) and 3-(methylthio)phomamide (8) from cultures of L. maculans led to an additional proposal for the biosynthetic pathway of sirodesmin PL, by analogy to the biosynthesis of gliotoxin [32] . Based on those results and the cloning of a gene cluster involved in the biosynthesis of sirodesmin PL (1), a more detailed pathway that took into account the ascribed functions of the cloned genes was proposed [66] .
Recent work demonstrated that both dideuterated and monodeuterated sirodesmin PL (1a and 1b) and phomamide (7a and 7b) were produced when [3,3-2 H 2 ]L-tyrosine and [3,3-2 H 2 ]O-prenyl-L-tyrosine were added to cultures of L. maculans [67] . An intrinsic steric deuterium isotope effect detected on the NMR chemical shift of H-7 of monodeuterated sirodesmin PL (1b) revealed that the pro R deuterium of sirodesmin PL exchanged stereospecifically. This stereospecific proton exchange occurred before incorporation of tyrosine into phomamide (7) . It was concluded that a percentage of [3,3-2 H 2 ]L-tyrosine was directly channeled into sirodesmin biosynthesis and another fraction re-channeled after diverging into a pathway(s) where a β-deuterium was exchanged stereospecifically. A fraction of the resulting monodeuterated tyrosine ([3-2 H S ]L-tyrosine) could eventually be redirected into the sirodesmin pathway. In addition, it was proposed that prenylation occurred before dioxopiperazine formation and thus O-prenyl-L-tyrosine was a likely intermediate of phomamide (7) en route to sirodesmin PL (1) [67] . Integration of current knowledge of the sirodesmins biosynthetic intermediates leads to the pathway proposed in Figure 18 .
Phomapyrones
Phomapyrones are a group of polyketides whose biosynthesis in L. maculans isolates Laird 2/Mayfair 2 was studied. The incorporations of sodium [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [40] . Only phomapyrone A (49) was obtained in amounts sufficient to analyze by both NMR spectroscopy and HRMS. The 13 C NMR spectrum of phomapyrone A (49) clearly indicated its polyketide origin. For example, from incorporation of sodium [1,2-13 C]acetate, the 13 displayed fourteen signals due to natural abundance 13 C plus ten doublets flanking carbons C-2 to C-11. These doublets due to 13 C-13 C coupling indicated the incorporation of five intact C 2 units, but the carbon signals of methyl groups C-12, C-13, C-14 and OMe did not show satellite peaks (Figure 19 ). The origin of its four methyl groups, i.e. C-12-C-14 and (O)CH 3 was investigated by incorporation of L-[Me-2 H 3 ]methionine. Thus, HREI-MS analysis of phomapyrone A (49) isolated from these cultures showed incorporation of several deuterium atoms suggesting the most likely source of the four C 1 units present in phomapyrone A (49) to be L-adenosyl methionine. These results also suggested that other phomapyrones are of polyketide origin, resulting from a pentaketide chain, whereas phomapyrone D may result from either methylation of a tetraketide or decarboxylation of a pentaketide [40] .
Conclusion and Prospects
The complex of species that constitute the so-called blackleg fungi affecting economically important cruciferous crops (mainly B. napus, B. rapa and W. japonica M.) are Leptosphaeria maculans / Phoma lingam, L. biglobosa and P. wasabiae. As well, other groups of blackleg fungal isolates that colonize wild species, such as Thlaspi arvensis and Lepidium species, are Leptosphaeria species, but of much lower economic impact [1] .
The metabolite profiles of many of these blackleg fungal isolates display characteristic patterns closely associated with particular pathogenicity groups. Considering the great structural variety of these metabolites and their consistent production by particular isolates, their biosyntheses in standardized conditions could discriminate between species and pathotypes. In addition to these characteristics, it has been shown that both L. maculans / P. lingam and L. biglobosa can be differentiated by their degradation of the phytoalexin brassinin (82) to either indole-3carboxaldehyde (83) [68] or indolyl-3-methanamine (83) [69] (Figure 20) . Because brassinin degradation can be inhibited, paldoxins (i.e. phytoalexin detoxification inhibitors) are being devised to protect rapeseed and canola crops against L. maculans infection [70] .
In principle, metabolite analyses using an HPLC system equipped with both photodiode array and mass spectrometer detectors, and availability of standard metabolites for instrument calibration (retention times, UV and MS data) should provide sufficient information for differentiating isolates and assigning likely pathogenicity groups. Hence, it is suggested that metabolite analyses by HPLC-MS together with further pathogenicity testing could provide an additional basis for reclassification of the "complex" species presently known as Leptosphaeria maculans / Phoma lingam, L. biglobosa and P. wasabi.
As a consequence of the work reviewed above, it is apparent that the chemical analyses of isolates of blackleg fungal species suggest three distinct groups, as previously reported [20, 57, 71] , with the isolates previously grouped as "Canadian weakly isolates" becoming part of the new species L. biglobosa. Hence, considering the metabolite profiles of over 150 isolates obtained from the International Blackleg Crucifer Network collection, the fungal collection at Agriculture & Agri-Food-Canada, Saskatoon, SK, and the Canadian Collection of Fungal Cultures, Ottawa, ON, the three groups are comprised of ( Figure 21 ): (i) Leptosphaeria maculans / Phoma lingam isolates (Canadian, French, German, Australian, English, virulent on canola and rapeseed), producing as characteristic metabolites sirodesmins (1-5), phomamide (7) and phomalide (23) in MM, but only 72-75 in PDB;
(ii) L. biglobosa / unknown asexual stage isolates (Canadian, French, weakly virulent on canola and rapeseed) producing low amounts of metabolites in MM, but producing polyketides such as phomapyrones 49-51 and other polyketides in PDB, but no detectable polanrazines (17) (18) (19) (20) (21) (22) ;
(iii) Leptosphaeria species / unknown asexual (Polish and Canadian isolates Laird 2 and Mayfair 2, virulent on brown mustard) producing as characteristic metabolites various polanrazines (17) (18) (19) (20) (21) (22) , phomapyrones (49-55) and phomalairdenones (28) (29) (30) (31) in MM ( Figure 21 ). It is worthy to note that so far only an Australian isolate of L. maculans (IBCN 18) was found to produce substantial amounts of sirodesmin PL (1) (and related metabolites), together with phomalairdenones A (28), B (29) and C (30) [43] . Isolate IBCN 18 was reported to be virulent on both canola and brown mustard. Thus, it appears important to determine if indeed the broader range of metabolites produced by this isolate is connected with its virulence range and whether other isolates show similar metabolite profiles. Such isolates are bound to cause serious epidemics on canola and mustard crops in many parts of the world other than Australia.
In addition, the metabolite profiles of Thlaspi isolates of Leptosphaeria sp. (initially described as L. maculans) indicated that these isolates constitute two distinct groups, the Canadian group of L. biglobosa and the Polish/Laird 2/Mayfair 2 group. Although the virulence of these particular Thlaspi isolates was not tested, metabolite profiles suggested that future fungal colonization of brown mustard could be triggered by these and similar isolates populating wild cruciferous species. Such circumstances could have catastrophic effects on the newly developed canola quality lines of B. juncea now commercially available.
In conclusion, it continues to be urgent to make concerted efforts to establish the pathogenicity ranges of blackleg isolates distributed worldwide. Without this information, the durability of blackleg resistance in commercial crops is unpredictable and epidemics are foreseeable, but difficult to forecast.
